Arsenic is associated with bladder cancer risk even at low exposure levels. Genetic variation in enzymes involved in xenobiotic and arsenic metabolism may modulate individual susceptibility to arsenic-related bladder cancer. Through a population-based case-control study in NH (832 cases and 1191 controls), we investigated gene-environment interactions between arsenic metabolic gene polymorphisms and arsenic exposure in relation to bladder cancer risk. Toenail arsenic concentrations were used to classify subjects into low and high exposure groups. Single nucleotide polymorphisms (SNPs) in GSTP1, GSTO2, GSTZ1, AQP3, AS3MT and the deletion status of GSTM1 and GSTT1 were determined. We found evidence of genotype-arsenic interactions in the high exposure group; GSTP1 Ile105Val homozygous individuals had an odds ratio (OR) of 5.4 [95% confidence interval (CI): 1.5-20.2; P for interaction = 0.03] and AQP3 Phe130Phe carriers had an OR = 2.2 (95% CI: 0.8-6.1; P for interaction = 0.10). Bladder cancer risk overall was associated with GSTO2 Asn142Asp (homozygous; OR = 1.4; 95% CI: 1.0-1.9; P for trend = 0.06) and GSTZ1 Glu32Lys (homozygous; OR = 1.3; 95% CI: 0.9-1.8; P for trend = 0.06). Our findings suggest that susceptibility to bladder cancer may relate to variation in genes involved in arsenic metabolism and oxidative stress response and potential gene-environment interactions requiring confirmation in other populations.
Introduction
In the United States, bladder cancer is a considerable public health problem; an estimated 69,250 new cases occurred in 2011 (Siegel et al., 2011) . Among recognized environmental risk factors for bladder cancer are cigarette smoke and arsenic expo- Evidence includes an increased risk of bladder cancer in relation to arsenic exposure in US populations (Bates et al., 1995; Steinmaus et al., 2003; Karagas et al., 2004) with relatively low level exposures. The incidence rate of this malignancy is higher in New Hampshire compared to the rest of the country as indicated by data from The National Program of Cancer Registries Cancer Surveillance System and The Surveillance, Epidemiology and End Results program (NPCR-CSS, 2010; SEER, Horner et al., 2009) . Ground well water contamination occurs naturally in New Hampshire because of high arsenic content in rock formations (Peters et al., 1999) . As a result over 10% of the state's unregulated private wells have arsenic levels beyond U.S. Maximum Contaminant Level (MCL) of 10 micrograms per liter (g/l) (Karagas et al., 1998) .
In drinking water, arsenic can be found in different subspecies: arsenite (AsIII) and arsenate (AsV). Arsenate is reduced to arsenite by two enzymes from the glutathione-S-transferase (GST) family: GSTO1 (Zakharyan et al., 2001 ) and GSTO2 (Whitbread et al., 2003) that use glutathione (GSH) as a reducing agent (Buchet and Lauwerys, 1987) . The GSTs family of enzymes (i.e. GSTP1, GSTZ1, GSTM1, and GSTT1) is involved in xenobiotic metabolism and plays a role in the cellular response mechanism against oxidative stress. Such effect is produced by arsenic through generation of reactive oxygen species (ROS) (Yamanaka et al., 1989) and is one of the explanations for arsenic's carcinogenic properties. Arsenite is actively transported inside the cell by aquaporins (AQP) cell membrane proteins (Liu et al., 2002) and is then modified by methyltransferases (Marafante and Vahter, 1984) using S-adenosyl-methionine (SAM) as a methyl donor (Buchet and Lauwerys, 1985) to produce monomethylarsonous acid [MMA(III)] and dimethylarsinous acid [DMA(III) ]. Both become further oxidized to monomethylarsonic acid [MMA (V)] and dimethylarsinic acid [DMA(V)]: predominant metabolites in urine (Aposhian and Aposhian, 2006) . In mammals, the key methylation enzyme involved in this process is arsenic 3-methyltransferase (AS3MT), formerly known as CYT19 (Lin et al., 2002) .
Variation in arsenic metabolism is considered to be, at least in part, genetically driven, and polymorphisms in GSTT1, GSTM1 (Chiou et al., 1997) , AS3MT (Agusa et al., 2011a) and GSTP1 (Agusa et al., 2011b) have been associated with the distribution of arsenic metabolites in an individual's urine. Variants in some of these genes, in particular GSTP1, GSTM1 and GSTT1, had been related with increased risk of bladder cancer in epidemiological studies (reviewed by Kellen et al., 2007; Zhang et al., 2010; Zeng et al., 2010) . These polymorphisms have also been associated with urinary transitional cell carcinoma (TCC) and urothelial carcinoma (UC) in an arsenic-endemic area in Taiwan (Hsu et al., 2008 (Hsu et al., , 2011 .
To our knowledge, there are no prior studies investigating polymorphisms in genes that may be related to arsenic metabolism or transport in areas with lower arsenic exposure levels such as those encountered in the US. As genetic susceptibility could play an even more important role at these lower levels, we investigated gene-environment interactions between polymorphisms in genes related to xenobiotic and arsenic metabolism, specifically GSTP1, GSTO2, GSTZ1, GSTM1, GSTT1, AQP3 and AS3MT, arsenic exposure, and bladder cancer risk in a population-based case-control study in New Hampshire
Methods

Study population
Incident bladder cancer cases, aged 25-74 years, diagnosed in New Hampshire from July 1, 1994 to June 30, 1998 (Phase 1), and from July 1, 1998 to December 31, 2001 (Phase 2) were identified through the State Department of Health and Human Services rapid reporting Cancer Registry. A total of 857 bladder cancer cases were identified and interviewed; of these, 832 had histopathologically confirmed bladder cancer based on a standardized histopathology review (Karagas et al., 2011) .
Controls were randomly selected from the New Hampshire Department of Transportation Registry (<65 years) and from the Health Care Financing Administration's Medicare Program database (>65 years) during the diagnostic reference period of July 1, 1993 to June 30, 1995 and July 1, 1997 to March 31, 2000 . This control group also was used for a study of non-melanoma skin cancer (Karagas et al., 1998) . Added controls were selected for the intervening diagnostic period and frequency matched to cases according to age and gender. The study protocols were approved by The Committee for the Protection of Human Subjects of Dartmouth College and participants provided informed consent. All participants were required to speak English and have an identifiable telephone number.
Personal interviews (∼90% at home) were performed using a standardized questionnaire by trained interviewers masked to the case-control status of study participants. Detailed socio-demographic as well as medical personal and family history information was gathered. Individuals were asked to report medical history prior to a reference date: the diagnosis date for the cases and a similar assigned date for the controls. Overall, 85% of the cases and 70% of the controls were successful interviewed from the total eligible participants (Karagas et al., 2011) .
Exposure assessment
A toenail clipping sample was requested at the time of the interview and analyzed for arsenic by Instrumental Neutron Activation Analysis (INAA) at the University of Missouri Research Reactor (Columbia, MO) (Nichols et al., 1998) . To ensure accuracy, each assay included quality control samples, blanks and known standards, and the assays were performed blinded to case-control status (Karagas et al., 2001) . Arsenic nail content is a reliable indicator of low levels (1 g/l) of arsenic exposure in drinking water and reflects a longer exposure period (6-12 months) than urine or blood (Karagas et al., 2000) . Additionally, we collected data on the household water supply including: type of water (private versus public well) use and duration of current water source, surficial or deep/artisan wells usage and use of at home water filters. Moreover, the study population was fairly stable with subjects reporting an average of 15 years using the same water source (Karagas et al., 2002 (Karagas et al., , 2011 .
Genotyping
Peripheral venous blood samples were collected at the time of the interview and promptly transported to the laboratory for processing. DNA was isolated from buffy coat using Qiagen ® DNA extraction kits (Valencia, CA). Genomic DNA was whole genome amplified with Qiagen ® Repli-G Midi kit. All genotyping assays were performed by laboratory personnel blinded to case-control status. We designed a custom Illumina Golden Gate 96 SNP panel array (San Diego, CA) and genotyped 670 cases and 974 controls with this platform. Samples from three individuals were repeated across plates and their genotype calls were 100% concordant within each of these quality controls (Karagas et al., 2011) . From this panel thirteen SNPs (Supplemental Table 2 ) were selected from five arsenic-related genes to include in this study: GSTP1 (Ile105Val/rs1695); GSTO2 (Asn142Asp/rs156697); GSTZ1 (Met27Thr/rs1046428 and Glu32Lys/rs3177427); AQP3 (Phe130Phe/rs2228332) and AS3MT (rs1046778, rs3740391, rs3740392, rs3740393, Met287Thr/rs11191439, rs7085854, rs10748835 and rs11191454). Aditionally, for the determination of null genotypes of GSTM1 and GSTT1, we used two methods: multiplex PCR reactions described previously (Cheng et al., 1995) for phase I study samples (Karagas et al., 2005) and phase II study samples were genotyped using whole genome amplified DNA by real time PCR Taqman ® Copy Number Assays (GSTT1 Hs02575461 cn and GSTM1 Hs00010004 cn) from Applied Biosystems ® (Foster City, CA). Quality controls for this assay consisted of three repeated control DNA samples in duplicate in each plate and the overall accuracy of genotype calls was >99%.
Statistical analysis
In our prior analysis of the main effects of arsenic exposure, we observed a non-linear association with bladder cancer risk (Karagas et al., 2004) . Thus, similar to our previous studies (Karagas et al., 2011) ; we divided the study population in groups according to the 90th percentile of toenail arsenic (0.205 microgram per gram [g/g]). Unconditional logistic regression analysis was used to compute odds ratios and their 95% confidence intervals for bladder cancer and arsenic related-bladder cancer in homozygous and heterozygous variants carriers compared to the most common allele homozygous individuals as the reference group. Statistical significance of multiplicative interactions was based on the likelihood ratio test (Breslow and Day, 1980) . The analysis were conducted in SAS 9.2 (SAS Institute Inc., Cary, NC) and adjusted for potential confounders such as age, sex and smoking.
We used Haploview software (Barrett et al., 2005) to assess linkage disequilibrium (LD) within GSTZ1 and AS3MT SNPs using genotypes from a similar CEPH population (Utah residents with Central-European ancestry [CEU]) obtained from HapMap website (release 28 Phase II and III) (The International HapMap Consortium, 2003) . Haplotype analyses assuming an additive model used by Haploview were performed within the AS3MT gene polymorphisms among cases and controls exposed to low and high arsenic levels.
Results
The average age of the participants was 64 years, with more men than women overall. The majority of individuals (97%) reported Caucasian race. Current smokers were more commonly cases, never smokers were more commonly controls, and former smokers were equally distributed between cases and controls ( Table 1 ). The mean toenail arsenic concentration was 0.12 g/g (standard deviation (SD) 0.21 g/g) and the categories obtained according to the 90th percentile cutoff were considered high (range 0.205-7.626 g/g) and low (range 0.009-0.204 g/g) exposure groups. From the GSTs variants analyzed (Table 2) , we observed a gene-environment interaction (P for interaction = 0.03) with GSTP1 Ile105Val; homozygous variant individuals with high arsenic exposure had an odds ratio of 5.4 (95%CI: 1.5-20.2), whereas individuals with this genotype in the low arsenic group had an odds ratio closer to one (OR = 0.8; 95%CI: 0.6-1.2). In addition, individuals with GSTZ1 Met27Thr homozygous genotype had elevated risk (OR = 2.2; 95% CI: 0.6-7.8) in the high arsenic group compared to the low arsenic group (OR = 1.0; 95% CI: 0.6-1.8; P for interaction = 0.35).
We found a modest increase in risk associated with GSTM1 null (OR = 1.4; 95%CI: 0.7-2.9; P for interaction = 0.41) and GSTT1 null (OR = 1.6; 95%CI: 0.7-4.1; P for interaction = 0.26) genotypes among the high arsenic exposed individuals. In comparison, in the low arsenic group, individuals with the same genetic deletions had odds ratios very close to one (Table 2) . Individuals with both GSTM1 null/GSTT1 null in the high arsenic group had about a 2-fold higher risk (OR = 2.3; 95% CI: 0.7-7.4) compared to those with this genotype in the low exposure group (OR = 0.9; 95% CI: 0.6-1.4; P = 0.15) but with wide confidence intervals. In the high arsenic group, GSTM1 present/GSTT1 null carriers had a higher odds ratio (OR = 2.0; 95% CI: 0.4-9.9) than GSTM1 null/GSTT1 present (OR = 1.4; 95% CI: 0.6-2.9) individuals. GSTO2 Asn142Asp (Table 3 ) was found to be associated (P for trend = 0.06) with bladder cancer risk independently of arsenic exposure (heterozygous OR = 1.2; 95% CI: 0.9-1.5 and homozygous OR = 1.4; 95% CI: 1.0-1.9). Additionally, a modestly elevated risk of bladder cancer was observed for GSTZ1 Glu32Lys carriers (heterozygous OR = 1.2; 95% CI: 1.0-1.5 and homozygous OR = 1.3; 95% CI: 0.9-1.8; P for trend = 0.06).
For AQP3 Phe130Phe (Table 2) , we found over a two-fold odds ratio for bladder cancer in the high arsenic group (OR = 2.2; 95% CI: 0.8-6.1), whereas the odds ratio for this genotype in the low arsenic group was closer to one (OR = 0.8; 95% CI: 0.6-1.1; P for interaction = 0.1).
We evaluated several AS3MT polymorphisms (Table 4) . While we did not find clear evidence of statistical interactions or main effects in either the high or low arsenic groups, many of these comparisons lacked statistical power. The AS3MT LD analysis (Supplemental Figure 1) shows linkage between two SNPs pairs: rs1046778/rs10748835 (r 2 = 0.60) and rs1046778/rs7085854 (r 2 = 0.71) (Supplemental Table 3 ). Among lower exposed cases and controls, eight haplotypes (frequency >1%) were found and grouped in two blocks: a diplotype between rs3740393 and rs3740392 and a second block extending over 23 kb formed by rs3740391, rs11191439, rs7085854, rs11191454, rs10748835 and rs1046778 (Supplemental Table 4 ). We did not find any haplotypes that appeared to modify arsenic-related bladder cancer risk (Supplemental Table 4 ).
Discussion
Inter-individual variation in arsenic metabolism is a hypothesized susceptibility factor for arsenic-related disease. In a US population-based study, we found evidence of potential geneenvironment interactions with GSTP1 and AQP3 polymorphisms, and weakly if at all with variants in other GSTs or AS3MT. We also found evidence of main effects with SNPs in GSTO2 and GSTZ1.
Our finding with respect to GSTP1 Ile105Val carriers is consistent with at least two previous Taiwanese studies reporting an (Hsu et al., 2008) with 221 cases and 223 controls, reported an odds ratio of 2.53 (95% CI: 0.61-7.75) and a cohort study (Hsu et al., 2011) with 764 individuals found a hazard ratio (HR) of 1.52 (95% CI: 0.66-3.48). However, like our study, both of these studies had limited statistical power. Our study has the advantage of using individual biomarker information (e.g., toenails) in order to more accurately assess lower levels of exposure. This GSTP1 Ile105Val variant appears to be functionally relevant; in a Vietnamese population lower reduction capacity was observed for Val allele carriers reflected in a lower percentage of urinary AsIII compared to wild type individuals (Agusa et al., 2011b) . Cell-culture studies indicate that GSTP1 and GSH are required for arsenic transport by a multidrug resistance protein 1 (MRP1/ABCC1) (Leslie et al., 2004) and GSTP1 Ile105Val variants have less catalytic activity in erythrocytes (Zhong et al., 2006) . Hence, while plausible, our findings need to be confirmed or refuted in other study populations.
Our results regarding AQP3 Phe130Phe indicate a possible increase in bladder cancer susceptibility in homozygous carriers exposed to higher arsenic levels. AQP3, AQP9 and AQP7 are involved in arsenic transport (Bhattacharjee et al., 2009) , and overexpression of these proteins make cells more sensitive to arsenic toxicity. Human lung adenocarcinoma cells with decreased levels of AQP3 are resistant to cellular arsenic toxicity (Lee et al., 2006 ). Yet, the role of aquaporins in arsenic transport has only recently been identified, and the functional significance of the polymorphism we examined is not fully understood.
GSTZ1 is another cytosolic GST essential for tyrosine and phenylalanine metabolism (Fernández-Cañón et al., 2002) . In a case-control study from Spain, Met27Thr carriers were at increased risk of disinfection by-products-related bladder cancer (Cantor et al., 2010) . We observed a modest increase in risk among high arsenic exposed homozygous variant individuals that did not appear in the less exposed group. But, this could be unrelated to disinfection by-products, as these individuals may be more likely to be using untreated well water. Perhaps, other unknown exposures or enzyme functions overlap in the GST family could account for our results. Another GSTZ1 SNP (Glu32Lys) has been associated with increase blood lymphocyte micronuclei formation related to bromoform exposure . We observed a slight main effect of this variant on bladder cancer risk. Our finding appeared largely in the low exposed individuals who may be using municipal disinfected water. Notably, these two GSTZ1 SNPs were not in LD (r 2 = 0.11).
Homozygous gene deletions or null genotypes of GSTM1 and GSTT1 are common variants associated with bladder cancer susceptibility in the epidemiologic literature Zeng et al., 2010) . We observed a somewhat greater risk of bladder cancer in the high arsenic exposure group associated with each of the null genotypes, but with a larger effect size for GSTT1 null. This finding supports the extant arsenic-related literature. In Bangladesh, a cohort study (n = 223) conducted in an arsenic-endemic area, found elevated arsenic concentrations in toenails from GSTT1 null individuals compared to carriers of at least one allele (Kile et al., 2005) . Similarly, in Taiwan two studies observed GSTT1 null-arsenic interactions; a slight risk increase of TCC (OR = 1.44; 95%CI: 0.51-3.84; P for interaction = 0.45) was observed in a case-control study (Hsu et al., 2008) and a greater effect (HR = 3.25; 95% CI: 1.20-8.80; P = 0.02) in a more recent cohort study (Hsu et al., 2011) . In contrast, GSTM1 null-arsenic interactions obtained in the Taiwanese population showed mixed results in relation to TCC; an increase risk (OR = 3.69; 95% CI: 1.05-11.20; P = 0.03) was observed in the casecontrol study (Hsu et al., 2008 ) that was not found in the cohort study (HR = 0.90; 95% CI: 0.40-2.03; P = 0.79) (Hsu et al., 2011) . Interactions between AS3MT variants, arsenic exposure and bladder cancer risk have not, to our knowledge, been explored previously. On the other hand, AS3MT polymorphisms effects on urinary arsenic profiles have been the subject of much investigation (reviewed in Agusa et al., 2011a) . Among a number of intronic and exonic variants explored across studies, two SNPs appear consistently associated with altered arsenic profiles in Mexican, Argentinian, Taiwanese, and Vietnamese populations. The C allele at AS3MT intronic variant 12390 G > C (rs3740393) is related to higher urine DMA/MMA ratios. However, we did not observe an association with this variant and arsenic-related bladder cancer. The other previously associated variant is Met287Thr (rs11191439); the Thr (C) allele has been related to higher urine concentrations of MMA% in Central Europe (Lindberg et al., 2007) and Northern Chile (Hernández et al., 2008) . Increased risk of pre-malignant arsenic-skin lesions in carriers of at least one C allele (OR = 4.28; 95% CI: 1.0-18.5; P = 0.055) was observed in a case-control study conducted in a high-arsenic area in Mexico (Valenzuela et al., 2009 ). In contrast, another case-control study (De Chaudhuri et al., 2008) conducted in West-Bengal found no association with arsenicinduced skin lesions. Additionally, the Met287Thr SNP was found to have increased methyltransferase activity in cultured human hepatocytes (Drobná et al., 2004) . In our study, we found a somewhat higher odds ratio for bladder cancer in Met287Thr homozygous carriers exposed to high versus low arsenic, but the frequency of this allele in our population was too low to draw conclusions.
We observed a main effect of the GSTO2 Asn142Asp variant on bladder cancer risk that was unrelated to arsenic exposure. Similarly, Hsu et al., 2011 found a borderline significant increase risk of UC (OR = 2.62; 95% CI: 0.88-7.83; P = 0.08) in homozygous variant carriers in southwestern Taiwan. Another case-control study conducted in Taipei found an odds ratio of 1.5 (95% CI: 0.93-2.5; P < 0.1) in homozygote variant individuals. Additionally, in this study, UC risk was higher in individuals with certain haplotypes that combined GSTO2, GSTO1 and CYP2E1 variants with exposure to environmental factors including cigarette smoking, alcohol consumption and residing in a high arsenic area. Contrary to our results, a case-control study (Chung et al., 2011) in the same non-endemic arsenic area (Taipei), found a decrease risk of UC in homozygous variant carriers of GSTO2 Asn142Asp (OR = 0.17; 95% CI: 0.03-0.88; P = 0.03) along with higher levels of MMA% in urine in wild type individuals. In another study (Xu et al., 2009) , no association was observed with urinary arsenic profiles and GSTO2 Asn142Asp genotype in a Chinese population chronically exposed to arsenic. Thus, overall, the epidemiological evidence is unclear and will require further investigation.
Our study has a number of strengths including reliable individual exposure data, pathologic confirmation of bladder cancer cases, and a population-based design allowing for greater generalizability.
Statistical power was a limitation of our study as lower arsenic exposure levels encountered in New Hampshire and in the US in general will require larger sample sizes to assess the effects of genetic polymorphisms on arsenic-associated bladder cancer. Future research also should consider other arsenic related genes (i.e. GSTO1, AQP9) that we were not able to evaluate. Identification of individuals with enhanced genetic susceptibility to arsenic-related disease including bladder cancer will help to ensure the appropriate prevention measures can be taken.
